The causes of individual relapses in children with acute lymphoblastic leukemia (ALL) remain incompletely understood. We evaluated the contribution of germline genetic factors to relapse in 2225 children treated on Children's Oncology Group trial AALL0232. We identified 302 germline single-nucleotide polymorphisms (SNPs) associated with relapse after adjusting for treatment and ancestry and 715 additional SNPs associated with relapse in an ancestry-specific manner. We tested for replication of these relapse-associated SNPs in external data sets of antileukemic drug pharmacokinetics and pharmacodynamics and an independent clinical cohort. 224 SNPs were associated with rapid drug clearance or drug resistance, and 32 were replicated in the independent cohort. The adverse risk associated with black and Hispanic ancestries was attenuated by addition of the 4 SNPs most strongly associated with relapse in these populations (for blacks: model without SNPs hazard ratio (HR) = 2.32, P = 2.27 × 10 − 4 , model with SNPs HR = 1.07, P = 0.79; for Hispanics: model without SNPs HR = 1.7, P = 8.23 × 10 −5 , model with SNPs HR = 1.31, P = 0.065). Relapse SNPs associated with asparaginase resistance or allergy were overrepresented among SNPs associated with relapse in the more asparaginase intensive treatment arm (20/54 in Capizzi-methorexate arm vs 8/54 in high-dose methotrexate arm, P = 0.015). Inherited genetic variation contributes to race-specific and treatment-specific relapse risk.
INTRODUCTION
Despite significant improvements in outcome, [1] [2] [3] relapse remains the leading cause of treatment failure for children with acute lymphoblastic leukemia (ALL) and occurred in 11 to 36% of those with high-risk B-precursor ALL. [4] [5] [6] [7] [8] [9] [10] Mechanisms by which genomic variations influence relapse risk could involve somatically acquired mutations or inherited genetic variations, which could affect intrinsic resistance to chemotherapy [11] [12] [13] or host pharmacokinetics of anti-leukemic agents. [14] [15] [16] Some studies report that black and Hispanic children with ALL have inferior outcomes to non-Hispanic white children. [17] [18] [19] [20] [21] Reasons for these differences are likely multifactorial, including differences in treatment adherence and access to therapy, [22] [23] [24] in the incidence of favorable and unfavorable presenting features and cytogenetics, [25] [26] [27] and in the frequency of genetic variants affecting pharmacokinetics and pharmacodynamics of antileukemic agents which segregate with ancestry. 28 It remains uncertain whether racial disparities persist with modern intensive ALL regimens.
We performed a genome wide association study (GWAS) in a large cohort of children with high-risk B-ALL to identify inherited genetic variations associated with relapse. We performed an analysis adjusting for both treatment and ancestry to identify single-nucleotide polymorphisms (SNPs) which increased risk across ancestries (ancestry-agnostic SNPs). Because racial disparities in relapse persisted in this trial, we also performed analyses within each of the three largest ancestral groups (white, black, Hispanic) to identify ancestry-specific variations associated with relapse. We also interrogated relapse SNPs for associations with risk of central nervous system (CNS) relapse, relapse among patients randomized to receive either escalating-dose methotrexate and asparaginase (that is, Capizzi regimen) or high-dose methotrexate during the first interim maintenance (IM1), and for associations with the pharmacokinetics of antileukemic agents or the intrinsic sensitivity of leukemia cells to chemotherapy. Finally, to assess robustness of relapse SNPs across different therapies, we tested for replication in an independent cohort.
MATERIALS AND METHODS

Patients and treatment
For the discovery cohort, germline DNA was obtained at remission in children and young adults with newly diagnosed B-precursor ALL enrolled on COG AALL0232 (NCT00075725, https://clinicaltrials.gov/ct2/show/ NCT00075725). 8 This protocol involved a 2 × 2 factorial randomization for induction steroid (prednisone × 28 days vs dexamethasone × 14 days) and interim maintenance 1 regimen (Capizzi escalating-dose methotrexate with pegylated-asparaginase vs high-dose methotrexate). Exclusion criteria are described in Figure 1 and the Supplementary Methods. The replication cohort comprised children treated on prior generation protocols who would have met the eligibility criteria of AALL0232 (Supplementary  Methods and Supplementary Table 1 ).
All studies were approved by the institutional review boards of participating institutions, and all patients and/or guardians provided age appropriate consent/assent in accordance with the Declaration of Helsinki.
Genotyping and genetic ancestry
Genotyping and genetic imputation was performed as described in the Supplementary Methods. Genetic ancestry was defined using STRUCTURE v2.2.3. 29 For categorization of patients into discrete ancestral groups, individuals were classified based on inferred genetic ancestry as white (Northern European (CEU) 490%), black (West African (YRI) 470%), Hispanic (Native American 30 410% and Native American greater than West African), or Other, including Asian (East Asian (CHB/JPT) 490%).
Quality control steps for both patients and SNPs are detailed in the Supplementary Methods.
Identification of relapse-associated SNPs
The approaches to perform GWASs for relapse are detailed in the Supplementary Methods. GWASs were performed to identify SNPs using an ancestry-agnostic ( Supplementary Figure 1) and an ancestry-specific approach ( Supplementary Figures 2a-c ).
Treatment arm and site specific annotation of relapse SNPs
SNPs associated with relapse were further characterized in subsets of patients based on their IM1 randomization (the Capizzi arm with escalating-dose methotrexate plus pegylated-asparaginase vs the highdose methotrexate arm) while adjusting for induction randomization, rapid early response, and ancestry as categorical variables. In addition, SNPs were tested for their association with CNS relapse (isolated or combined with other sites), with isolated hematologic or other extramedullary relapse treated as competing risks. Significant association thresholds for all analyses were determined by profile information criteria (Ip), 31 which balances false positives and negatives while addressing the effects of multiple testing.
Association with orthogonal pharmacologic data
SNPs associated with relapse (ancestry-specific or ancestry-agnostic) were evaluated for association with drug resistance in HapMap cells lines (prednisone, asparaginase, mercaptopurine, methotrexate polyglutamate accumulation), primary ALL cells from newly diagnosed patients (prednisone, vincristine, mercaptopurine, asparaginase, in vivo leukocyte count decrease following methotrexate), or for association with increased drug clearance (asparaginase allergy, methotrexate clearance, dexamethasone clearance), as described in the Supplementary Methods. SNPs were considered supported by orthogonal data if the risk allele for relapse was associated (at Po 0.05) with in vitro drug resistance, decreased methotrexate polyglutamate accumulation, smaller leukocyte decrease after methotrexate, more rapid drug clearance, or greater incidence of asparaginase allergy.
Evaluation of relapse-associated SNPs in replication cohort
Relapse-associated SNPs were evaluated in an independent replication cohort (n = 719) for their association with relapse using a Cox proportional hazard regression, with patients censored at the time of competing events (that is, remission death, second malignancy) or last follow-up and adjusting for treatment categorized into six groups (Supplementary Table 2 ). 5, 9, 32 AALL0232 ancestry-agnostic SNPs were evaluated in all patients while adjusting for treatment and ancestry. AALL0232 ancestryspecific SNPs were evaluated in the same ancestry subset of the replication cohort while adjusting for treatment and, in blacks and Hispanics, percent ancestry. The replication cohort SNPs were evaluable if they passed quality control steps as described for the discovery cohort (Supplementary Methods). Differences in genotyping platforms between the discovery and replication cohorts, as well as the smaller size of the replication cohort, resulted in 595 of the 1017 relapse SNPs from the discovery cohort being evaluable in the replication cohort. Validated SNPs were those associated with relapse at Po0.05 and with identical risk alleles.
Quantitative contribution of SNPs to ancestral differences in relapse
To identify SNPs which most contributed to ancestry-associated differences in relapse risk, a classification and regression tree analysis was performed separately in blacks and Hispanics considering treatment arm and validated ancestry-agnostic and ancestry-specific SNPs as potential branches. Branches were limited to two levels with each new branch needing to contain at least 20% of the initial ancestral patient group (representing~1% or at least 22 patients from the discovery cohort for the smallest group, those with black ancestry). The impact of these SNPs on the risk of relapse associated with black or Hispanic ancestry was then evaluated in a competing risk regression model of relapse including the SNPs, treatment, and ancestry.
Statistical analysis
Statistical and bioinformatics analyses were performed using R versions 3.2.2 (R core team, Vienna, Austria), including the 'survival', 'cmprsk', 'rpart' and 'forestplot' packages. Association studies of orthogonal phenotypes were performed either in R or PLINK version 1.07 (Shaun Purcell, Cambridge, MA, USA).
RESULTS
Patient characteristics
Of 3084 children and young adults enrolled on AALL0232, germline genotype and relapse data were available for 2652, and 2225 were included in the GWAS for relapse ( Figure 1 ). To identify covariates to include in the GWAS, we examined the importance of treatment group and ancestry on relapse risk. Consistent with findings in the entire randomized cohort, 8 patients treated with Capizzi methotrexate had a higher relapse risk than those treated with high-dose methotrexate ( Supplementary Table 3 ). Because patients with slow early response did not differ by their induction steroid assignment but did differ by IM1 randomization, patients with slow early response were combined for multivariable and GWAS analyses (Supplementary Table 2 ). Blacks (P = 2.66 × 10 − 4 , hazard ratio Ancestry-associated relapse in high-risk pediatric ALL (HR) = 2.31) and Hispanics (P = 2.17 × 10 − 5 , HR = 1.77) had an increased relapse risk compared to whites (Supplementary Table 3 ). The effects of ancestry and treatment groups remained significant in multivariate analyses (Supplementary Table 3 , Figure 2 ). Blacks and Hispanics also had a higher risk of any CNS relapse than whites (P = 0.016, HR = 2.54 for blacks; P = 0.0018, HR = 2.08 for Hispanics).
Association of SNPs with relapse
Following quality control steps, 11 180 806 SNPs were evaluated for their association with relapse. A total of 302 SNPs representing 175 unique genetic loci (LD blocks) were associated with relapse in an analysis adjusting for both treatment and percent genetic ancestry (that is, their association with relapse was 'agnostic' to ancestry; Supplementary Table 4 , Supplementary Figures 3 and 4 ). An additional 715 SNPs representing 424 unique genetic loci were associated with relapse in ancestry-specific analyses, with 280 SNPs (179 loci) associated with relapse in Hispanics, 258 SNPs (167 loci) in blacks, 173 SNPs (72 loci) in whites, 2 SNPs (2 loci) in both blacks and whites, and 2 SNPs (1 locus) in both blacks and Hispanics (Supplementary Tables 5-7 
, Supplementary Figures 3 and 5-7).
Of the 1017 relapse SNPs, 192 were associated with relapse in patients treated on the Capizzi arm, 186 in patients treated on the high-dose methotrexate arm, and 18 in both treatment groups; 621 SNPs were not associated with relapse in either group alone but were associated with relapse in the combined cohort (Supplementary Tables 4-7 , Supplementary Figures 4-7) .
Of the 302 ancestry-agnostic SNPs, 54 were also associated with an increased risk of CNS relapse (Supplementary Table 4 , Supplementary Figure 4 ). Of these, 25 were associated with increased CNS relapse in patients treated on the Capizzi arm, 14 in patients on the high-dose methotrexate arm, and 4 in patients on both arms. Because of the association between ancestry and CNS relapse risk, we evaluated ancestry-specific SNPs for their association with CNS relapse and identified 18 SNPs associated with increased CNS relapse risk in whites, 38 SNPs in blacks, and 52 SNPs in Hispanics (Supplementary Tables 5-7 , Supplementary  Figures 5-7) .
Because of the importance of minimal residual disease (MRD) in defining high-risk patients, 33 we also evaluated relapse SNPs for their adverse impact in the 1931 patients with end of induction (day 29) MRD less than 0.1%. 617 SNPs remained significant at the previously defined significance threshold, including 209 ancestry-agnostic SNPs (Supplementary Tables 4-7 , Supplementary  Figures 4-7 ).
Association of relapse SNPs with orthogonal pharmacologic data
To explore possible mechanisms underlying the 1017 SNPs associated with relapse, we tested for their association with orthogonal phenotypes including in vitro resistance to chemotherapy, decreased response to methotrexate in vivo, increased chemotherapeutic drug clearance in vivo, and asparaginase allergy in vivo. Of the 302 ancestry-agnostic SNPs, 54 were associated with one resistance/clearance phenotype and 10 were associated with more than one such phenotype ( Supplementary Table 4 ). Of the 715 ancestry-specific SNPs, 128 were associated with one resistance/clearance phenotype and 32 with more than one phenotype (Supplementary Tables 5-7 ). 36 of the 162 relapse SNPs associated with CNS relapse were associated with at least one resistance/clearance phenotype.
Of the 54 relapse SNPs associated with intrinsic leukemic asparaginase resistance (N = 24 SNPs) or asparaginase allergy (N = 30 SNPs), 20 were associated with relapse in the Capizzi arms, which included additional doses of asparaginase, compared to only eight associated with relapse in the high-dose methotrexate arms (Fisher's P = 0.015). In contrast, relapse SNPs associated with decreased intracellular methotrexate polyglutamates (N = 15 SNPs), rapid methotrexate clearance (N = 19 SNPs), or decreased in vivo response to methotrexate (N = 42 SNPs) were balanced equally in their association across IM randomization arm (19 of 76 SNPs significant in the Capizzi arm, 13 of 76 significant in the highdose arm; Fisher's P = 0.32).
Relapse SNPs were associated with both pharmacokinetic and pharmacodynamic phenotypes. For example, the relapse SNP rs10496350 was associated with asparaginase allergy (which results in decreased exposure to asparaginase), and patients carrying at least one copy of the C risk allele had a higher (P-value adjusted for treatment and ancestry = 2.94 × 10 − 5 ) 5-year cumulative incidence of relapse (CIR, 37.5%) than did patients with TT genotype (5-year CIR 13.3%) as well as double the risk (P = 0.006) of allergy (23.3% for CC or CT genotype vs 10.8% for TT genotype, Figure 3 ). Relapse SNPs were also associated with resistance to chemotherapeutic agents: for example, rs743535 (intronic within CYP2E1) was associated with both vincristine resistance (median lethal concentration for 50% of cells 0.27 μM for GG genotype vs 2 μM for GA/AA genotypes, P = 0.016) and increased 5-year CIR Figure 2 . Association of non-white genetic ancestry with increased relapse risk. Non-whites had an increased risk of relapse in the discovery cohort. The five-year cumulative incidence of relapse was higher in blacks (23.7%, 95% confidence interval (CI) 14.7-32.7%, P = 2.27 × 10 − 4 , HR = 2.32) and Hispanics (19.3%, 95% CI 15.7-22.9%, P = 8.23 × 10 − 5 , HR = 1.7) than whites (10.3%, 95% CI 8.9-12.8%). P values are adjusted for treatment. White: 490% CEU; black: 470% YRI; Hispanic: 410% Native American and Native American 4YRI. Figure 3 . NPAS2 SNP rs10496350 is associated with asparaginase allergy and increased relapse risk. Patients in the discovery cohort carrying at least one copy of the C risk allele of rs10496350 had a higher five-year cumulative incidence of relapse (37.5%) than did those with the TT genotype (13.3%, P-value adjusted for treatment and ancestry = 2.94 × 10 −5 ). Patients carrying the risk allele also experienced a higher rate of allergy (23%) than did patients with the TT genotype (11%, P = 0.006).
(12% for the GG genotype vs 20.6% for the GA or AA genotypes, P = 2.42 × 10 −4 , Figure 4 ).
Replication cohort
Of the 1017 relapse SNPs, 595 were evaluable in the independent replication cohort of 719 patients and 32 replicated (representing 19 loci). Of 138 evaluable ancestry-agnostic SNPs, seven were associated with increased relapse in the replication cohort. 25 of the 457 evaluable ancestry-specific SNPs were also associated with increased relapse in the replication cohort in the same ancestry as was identified in the AALL0232 cohort, including three which increased relapse risk in blacks, 18 in Hispanics, and four in whites (Table 1) . Of the 32 replicated SNPs, four were associated with an increased relapse in patients treated with high-dose methotrexate, two in patients treated with Capizzi methotrexate, and two in both cohorts. Of the seven replicated ancestry-agnostic SNPs, four were associated with at least one unfavorable pharmacological phenotype: rs41530849 in PTPN14 with both rapid methotrexate clearance and in vitro asparaginase resistance, rs743535 in CYP2E1 with in vitro vincristine resistance, intergenic SNP rs2463380 with rapid methotrexate clearance, and the missense SNP rs16843643 in FARP2 with a diminished in vivo response to high-dose methotrexate. Additionally, four ancestry-agnostic SNPs and 12 Hispanic-specific SNPs that were associated with CNS relapse in the discovery cohort were replicated in the independent replication cohort, and 23 SNPs were significant among MRD negative patients (Table 1) .
SNP contribution to excess relapse risk in black and Hispanic patients
Using classification and regression trees, we identified two SNPs in blacks (rs4710143 and rs16843643), and in Hispanics (rs9325870 and rs743535) most contributing to their excess relapse risk. In a multivariate model, these four SNPs attenuated the adverse risk associated with black (P = 0.79) and Hispanic (P = 0.065) ancestry group status (Figure 5a ). In addition, ancestry did not improve the ability to predict relapse if SNPs and treatment group were already known (analysis of variance P = 0.19 comparing a model with treatment and SNPs as covariates to a model with treatment, SNPs, and ancestry). Patients carrying at least one risk allele for any of the four SNPs had higher relapse than did patients without any risk alleles, regardless of their ancestry (Figure 5b ). These variants In primary patient lymphoblasts, presence of one or more A risk alleles decreased sensitivity to vincristine (median LC50 with A allele 2 μM, median LC50 with GG genotype 0.27 μM, P = 0.016). Tables 4-7) . Bolded SNPs were significant at the Ip determined significance threshold when evaluated among patients who were end-induction minimal residual disease negative. SNPs are ordered by ancestry of discovery, with SNPs associated with relapse while adjusting for both treatment and ancestry (that is, 'ancestry agnostic') labeled as agnostic and ancestry-specific SNPs labeled with their associated ancestry group. Additional phenotypes include: association with relapse among patients treated on either first interim maintenance arm (Capizzi arm, HD (high-dose methotrexate) arm), association with CNS relapse (CNS), as well as association with in vitro resistance among primary patient lymphoblasts to asparaginase (PPL ASP) or vincristine (PPL Vinc), more rapid methotrexate clearance (MTX clearance), or diminished white blood cell decrease after in vivo methotrexate treatment (MTX WBC response).
Ancestry-associated relapse in high-risk pediatric ALL were less prevalent in whites, with the average white patient carrying 0.21 risk alleles (of a possible eight, range in whites 0-2) compared to a mean of 1.28 in black patients (range 0-5), 0.79 in Hispanics (range 0-4), and 0.63 in patients of other ancestry (range 0-4; Mann-Whitney P o 1 × 10 − 15 ).
DISCUSSION
Relapse in high-risk B-ALL remains a significant problem, and most patients who relapse do not survive. Although evaluation of early treatment response and MRD identifies many patients at high risk for relapse, many patients who relapse do not carry these adverse features. 33, 34 Further identification of adverse biologic features is needed to allow further refinements in therapy.
In this study, we focused on three primary implications of this genetic analysis: whether host genetic variation explained ancestry-related differences in relapse, whether the importance of genetic variation differed by major treatment arms, and how genetic variations were replicated for orthogonal pharmacologic phenotypes and in an independent ALL cohort. In this GWAS, we identified 1017 SNPs associated with increased relapse risk in children with high-risk B-ALL. We identified both SNPs associated with relapse risk regardless of patient ancestry (ancestry-agnostic) as well as SNPs associated with relapse in an ancestry-specific fashion. Of these relapse SNPs, 7 ancestry-agnostic and 25 ancestry-specific SNPs were also associated with an increased relapse risk in an independent replication cohort ( Table 1) .
Importantly, we identified genetic variants associated with increased relapse risk in an ancestry-specific manner across two generations of B-ALL protocols. The identified SNPs contribute to the higher risk of relapse in blacks and Hispanics but also identify patients in each ancestral group at high risk of relapse. Using only four SNPs (rs4710143, rs16843643, rs9325870, and rs743535), we identified 73% of blacks and 57% of Hispanics at high-risk of relapse ( Figure 5b) . These SNPs were also associated with relapse risk in whites and patients of other ancestry. However, more than 50% of blacks and Hispanics carry at least one risk allele in these SNPs compared to 20% of whites, suggesting the increased relapse risk attributable to these SNPs is disproportionately distributed to blacks and Hispanics, simply on the basis of racial differences in allele frequency. The addition of ancestry group to a model including these SNPs and treatment group failed to improve the model (analysis of variance P = 0.19) suggesting these SNPs attenuate the adverse impact of ancestry on relapse. These data mirror findings in other malignant 35, 36 and nonmalignant diseases [37] [38] [39] [40] [41] [42] in which variants strongly associated with ancestry may be the cause of discrepant disease outcomes in different ancestral populations. Such variants offer the opportunity for therapy modification and risk stratification when their effects are stable across multiple settings, as are the replicated ancestry-specific variants identified in this study ( Table 1) .
One of the principles of discovery research in pharmacogenomics is that the variants identified in any study will be influenced by the therapy that has been given. Because the randomly assigned methotrexate treatment arm had a significant effect on treatment outcome in AALL0232, we had a unique opportunity to test whether some genomic variants associated with relapse were more important in those receiving one treatment arm (high-dose methotrexate) versus the other (Capizzi methotrexate plus asparaginase). Interestingly, the SNPs directly associated with methotrexate pharmacology did not differentially distribute between the two treatment arms (Fisher's P = 0.32), but relapse SNPs associated with asparaginase resistance or asparaginase allergy did cluster in the Capizzi arm (Fisher's P = 0.015). Those in the Capizzi arm received more asparaginase but less methotrexate than those in the high-dose methotrexate arm. The association with asparaginase resistance/allergy in the Capizzi arm suggests that asparaginase exposure was more critical to preventing relapse among the patients whose methotrexate exposure was low (Capizzi treatment), and that treatment with high-dose methotrexate diminishes the importance of maximizing asparaginase.
Therapeutic and patient differences may also explain differences in the SNPs associated with relapse in this cohort compared to prior analyses. In prior GWASs of ALL relapse risk and MRD, 43, 44 the majority of patients were NCI standard-risk, in contrast to the high-risk population studied here. Moreover, all patients in the discovery cohort of this study also received delayed intensification and MRD-directed therapy intensification, whereas many patients in the prior GWASs 43, 44 did not. In a review of the SNPs previously associated with relapse or MRD, 43, 44 we identified five (rs35229355, rs7517671, rs10883699, rs7350429 and rs6773449) that associated with relapse (Po0.05) after adjusting for both treatment and ancestry in the current discovery cohort. However, these SNPs did not reach the Ip selected P value threshold, nor were they replicated at least 20 times during iterative resampling. This finding highlights the importance of population and therapeutic differences on the association of pharmacogenomic variants and outcome. It is encouraging that many of the SNPs identified in the current GWAS were associated with relapse among patients treated on both the high-dose methotrexate and the Capizzi escalating-methotrexate/asparaginase arms, suggesting that some of these variants may be prognostic across therapies.
The analysis of relapse SNPs' association with orthogonal pharmacologic phenotypes suggests mechanisms through which some relapse SNPs may be exerting their effects on relapse risk. Relapse SNPs were associated with both pharmacokinetic and pharmacodynamic phenotypes. For example, rs6786341 (an intronic variant in lactoferrin) was associated with more rapid methotrexate clearance, a phenotype which has previously been associated with decreased methotrexate polyglutamate accumulation and increased relapse risk. 45, 46 The rs743535 variant in CYP2E1 was associated with resistance to vincristine (Figure 4 ). Variants in this gene have previously been implicated in inferior survival in non-Hodgkin's lymphoma 47 and nonsmall cell lung cancer, 48 potentially due to resistance to chemotherapeutic agents used in those diseases. Variants near LZTS1, which include promoter and enhancer marks in neural tissues, 49 were associated with CNS relapse in Hispanics. Suppression of this gene has previously been implicated in metastatic potential in multiple solid tumors, 50-52 suggesting these variants may alter leukemic trafficing into the CNS, thereby altering CNS relapse risk. Other identified CNS relapse SNPs likely contribute to CNS relapse through alterations in leukemic drug resistance or rapid drug clearance, as 36 of 162 CNS relapse SNPs were also associated with pharmakokinetic or drug resistance phenotypes.
We identified several novel inherited risk variants for relapse in a large population of children with high-risk B-precursor ALL. Several of these are associated with the increased relapse risk specific to black and Hispanic ancestry and may contribute to the adverse outcomes attributed to 'race.' Many of these variants are associated with 'inherited' leukemic resistance or rapid clearance of chemotherapy. These findings may allow personalized therapy to further improve outcomes for children with high-risk B-ALL.
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